Abstract A hydrodynamic model is used to investigate the properties of positive space-charge and net current density in the sheath region of magnetized, collisional plasmas with warm positive ions. It is shown that an increase in the ion-neutral collision frequency, as well as the magnitude of the external magnetic field, leads to an increase in the net current density across the sheath region. The results also show that the accumulation of positive ions in the sheath region increases by increasing the ion-neutral collision frequency and the magnitude of the magnetic field. In addition, it is seen that an increase in the positive ion temperatures causes a decrease in the accumulation of positive ions and the net current density in the sheath region.
Introduction
The study of the sheath formation between a magnetized plasma and a solid wall has received considerable attention recently due to the change in the particle dynamics as well as the particle-wall interaction in magnetized plasmas [1∼10] . CHODURA [2] introduced a hydrodynamic model for a semi-infinite plasma emerging in an oblique magnetic field where ionization and collisions are not taken into account. It was shown that the plasma particles pass through three regions on their way towards the wall: the quasineutral plasma region, the quasi-neutral magnetized presheath region (the Chodura layer) and a collisionless thin space-charge sheath. RIEMANN [3] and STERN-BERG [4] showed that the Chodura layer is eliminated by accounting for ion collisions with gas atoms and ionization, respectively. The elimination of this layer was corroborated experimentally by KIM et al [5] .
AHEDO [6] offered an overview of different plasmawall structures in the presence of a magnetic field, depending on the relative magnitudes of the three important scale lengths: the Debye length, the ion Larmor radius, and the collision mean free path.
ZIMMERMANN et al. [7] studied the effect of a magnetic field on the boundary of an electropositive plasma by using a one-dimensional fluid model. In Ref. [8] , the properties of a collisionless, magnetized plasma sheath with finite ion temperatures were considered, and the effects of the external magnetic field and the ion temperatures on the sheath parameters were examined.
In our previous works [11, 12] , we studied the properties of the magnetized sheath in collisionless and collisional plasmas, respectively. Ignoring the positive ion temperatures in comparison with electron temperatures, we showed that by increasing the ion-neutral collision frequency, the fluctuations of the ion species density distributions shift towards the sheath edge, and the amplitude of these fluctuations increases in comparison with the collisionless case. Now, in this work, we are going to modify the previous works [8∼12] by studying the combined effects of ion-neutral elastic collision, the external magnetic field and the finite temperature of positive ions on the properties of space-charge, and the net current density in the sheath region of electropositive plasmas. Our results show that an increase in the magnitude of the external magnetic field and the ion-neutral collision frequency leads to an increase in the accumulation of positive charges in the sheath region, and shifts the location of the charge accumulation (the location of the peak) towards the sheath edge. Also, it is shown that an increase in the ion-neutral collision frequency and the magnitude of the external magnetic field leads to an increase in the net current density into the sheath region and a decrease in the sheath thickness. In addition, it is found that by increasing the temperature of positive ions, both the sheath thickness and the net current density in the sheath region decrease.
The layout of the paper is as follows: in section 2, we describe the model, explain the basic equations of the model and define appropriate dimensionless variables to normalize these equations. In section 3, the basic equations are solved numerically and the results obtained are discussed, and finally, a brief conclusion is presented in section 4.
Sheath model and basic equations
We consider an electropositive plasma consisting of electrons and singly charged positive ions. An external constant magnetic field B 0 is applied on the sheath region (in the x-z plane) and makes angle θ with the x direction (see Fig. 1 ). The x direction is taken as the depth direction from the plasma edge to the wall, and the boundary between the plasma (x < 0) and sheath (x > 0) is the plane of x=0. We assume that V = (V x , V y , V z ), i.e., the velocity space is threedimensional. In addition, we assume that the electrons are thermalized so their density obeys the Boltzmann distribution [4, 7, 8, 13] n e = n 0e exp(
where T e , ϕ, e and n 0e are the electron temperature, electrostatic potential, electron charge and electron density at the sheath edge, respectively. In the low-pressure limit, ionization in the sheath can be neglected, owing to the low neutral density [14] . Hence, in the present work a source-free model is used. Therefore, the steady-state equation of continuity for ions is written as follows:
where n i and V i are the ion densities and velocities, respectively. With the finite ion temperatures and the collisions between the ions and neutrals taken into account, the motion equation of ions is written as follows:
where m i is the mass of the ions, P i = n i k B T i , k B and T i are the ion pressures, the Boltzmann constant and the ion temperatures, respectively, and v i0 is the effective collision frequency of ions with neutrals. The collision frequency of the positive ions with neutral particles v i0 is expressed as follows [15] :
where n n and σ are the neutral gas density and the momentum transfer cross section for the collision of positive ions with neutral particles, respectively. In the general case, there is a power law dependence between σ and V i as follows:
where c s = (T e /m i ) 1/2 is the ion acoustic velocity, σ s is the cross section measured at that velocity, and g is a dimensionless parameter ranging from −1 (constant collisional mobility) to 0 (constant cross section).
Therefore, the ion-neutral collision frequency can be expressed as Fig.1 The magnetized plasma sheath configuration
To complete the equations of the model, we use Poisson's equation to relate the electrostatic potential to the ion and electron densities
where ε 0 is the electric permittivity of free space. Before solving the basic equations of our model (Eqs. (1)∼ (3) and (7)) by numerical methods, it is useful to rewrite these equations with dimensionless quantities. To do this, we use the following dimensionless quantities
where λ De = (ε 0 T e /n 0 e 2 ) 1/2 is the electron Debye length. Using these quantities and assuming that the physical quantities like the density of positive ions and electrons change only along the direction, we can write the basic equations of our model for the case of g = −1 as follows:
where the prime symbol denotes the differentiation with respect to ξ, M = u 0x = V ix (x = 0)/c s is the ion Mach number, ρ = λ De /r where ρ is proportional to the magnitude of the external magnetic field, r = c s /ω c is the positive ion gyroradius, ω c is the ion cyclotron frequency and α = n n σ s λ De is a dimensionless parameter characterizing the degree of collisionality in the sheath. Therefore, to study the effects of the ion-neutral collision frequency on the characteristics of the sheath, one can solve the equations numerically for different α values.
Numerical results and discussion
In the previous section, we explained our fluid model and its basic equations for magnetized, collisional plasmas with warm positive ions. Here, we solve the normalized basic equations (Eqs. (8)∼ (11)) numerically and investigate the properties of the positive spacecharge and the net current density in the sheath region of a quasi-neutral argon plasma. To do this, some typical parameters are employed, such as T e =1 eV and n 0e =10 8 cm −3 . The starting point is taken at ξ = 0, where we set φ = 0 and ∂φ(ξ = 0)/∂ξ = 0.08 [8∼14] . In addition, we use the result of Ref. [16] to determine the positive ion velocities at the sheath edge (or the ion Mach number), which is necessary to solve Eqs. (8) From Fig. 2(a) , in agreement with the results of Ref. [8] , it is seen that by increasing the magnitude of the external magnetic field, the accumulation of the space-charge is enhanced and the location of the charge accumulation (the position of the peak) shifts towards the sheath edge. Taking into account Eq. (2), it is clear that there is a conservation of positive ion fluxes in the sheath region. Therefore, the increase in the positive ion velocities leads to a decrease in the positive ion density distributions (N i ) through the sheath region.
To compare these results with the results of Ref. [9] , we draw the profile of the space-charge for T =0, α=0.08 and different values of B 0 in Fig. 2(b) . In this case, similar to what happens in Fig. 2(a) , the amplitude of the space-charge peak increases with increasing and its location moves towards the wall. These results are in good agreement with the results of Ref. [9] . In addition, from Fig. 2(a) and (b) , it is clear that in cold plasmas, the amplitude of the space-charge peak is greater and the position of the peak is closer to the sheath edge.
The influence of the ion-neutral elastic collision on the formation of the space-charge across the sheath region of a warm and magnetized plasma is shown in Fig. 3(a) for B 0 =0.05 T, T =0.4, M =1.2 and different values of α (α=0.02, 0.04, 0.08). In agreement with the results of Refs. [12, 14] , Fig. 3(a) shows that an increase in the ion-neutral collision frequency leads to an increase in the space-charge peak due to the reduction in positive ion velocity. In addition, by increasing α, the charge accumulation position shifts towards the sheath edge. Comparison between Fig. 3(a) and (b) indicates that by increasing the finite temperature of the positive ions, the amplitude of the normalized space-charge peak decreases and its location moves towards the wall. • Now, we investigate the effect of the positive ion temperatures on the formation of the positive space-charge in the sheath region of magnetized, collisional plasmas.
In Fig. 4 , the profile of the normalized space-charge (N ) versus the normalized distance from the sheath edge is shown for α=0.08, B 0 =0.05 T, M =1, and different values of positive ion temperatures (T =0.04). From this figure, one can conclude that the increase in the positive ion temperatures leads to a decrease in the positive space-charge peak across the sheath. Since in the sheath region dn i /dx <0, the third term on the right-hand side of Eq. (3) is an accelerating force for positive ions, which grows by increasing T . Therefore, the density distribution of the positive ions and in turn the normalized positive space-charge is reduced by increasing T . Also, in Fig. 4 , it is seen that by increasing T the position of the space-charge peak moves towards the wall. Here, we investigate the behavior of the net current density for different values of α, B 0 and T through the sheath region. The net current density to the wall can be defined as follows [15, 17] :
where V te = (8T e /πm e ) 1/2 is the electron thermal speed. With the net current density normalized by en 0e c s , Eq. (12) can be written as follows:
In Fig. 5(a) , the effect of the ion-neutral collision frequency on the normalized net current density of an electropositive argon plasma is demonstrated for B 0 =0.05 T, T =0.4, M =1.2 and different values of α (α=0.02, 0.04, 0.08). From this figure, it is seen that the increase in the ion-neutral collision frequency leads to the increase in the net current density and the decrease in the sheath thickness. Also, in agreement with the results of Ref. [8] , it is seen that the negative value of net current density at the sheath edge and its saturation value to the wall are independent of α.
Comparing Fig. 5(a) with (b) , one can see that in cold plasmas, by increasing α, the normalized net current density rises faster than that in warm plasmas. Moreover, from these figures, it can be concluded that the positive ion temperatures do not have any considerable effect on the values of J net at the sheath edge and to the wall. In addition, it can be seen that the sheath thickness for cold magnetized plasmas is larger than that for warm magnetized plasmas. Fig. 6(a) and (b) , the effects of the external magnetic field (B 0 ) on the behavior of the normalized net current density across the sheath region are, respectively, compared for warm and cold electropositive plasmas with α=0.08 and M =1.2. In agreement with the results of Ref. [8] , it is seen in both cases that by increasing B 0 , the profile of J net changes infinitesimally through the sheath region, while the values of J net to the wall and at the sheath edge do not change considerably. In addition, from Fig. 6(a) and (b) , one can see that in cold electropositive plasmas, the effect of increasing B 0 on the thickness of the sheath layer is weaker than that in warm electropositive plasmas.
Finally, in Fig. 7 , the variation in the normalized net current density versus the distance from the sheath edge is shown for B 0 = 0.05 T, α = 0.08, M = 1 and the different values of the positive ion temperatures (T = 0.2, 0.4). From this figure, it can be concluded that by increasing the temperature of positive ions, the net current density in the sheath region decreases. 
Conclusion
A two-fluid model was used to study the properties of net current density and positive space-charge in the sheath region of magnetized, collisional plasmas. It was assumed that the positive ions have finite temperature, and the electron densities obey the Boltzmann distribution. With the combined effects of ion-neutral elastic collision, an external magnetic field and the finite temperature of the positive ions taken into account, it was shown that an increase in the magnetic field as well as the ion-neutral collision frequency gives rise to an increase in the accumulation of positive charge in the sheath region and a shift in the charge accumulation position towards the plasma-sheath boundary. In addition, it was seen that by increasing the positive ion temperatures, the accumulation of the positive ions decreases and the location of the charge accumulation shifts towards the wall. Moreover, it was observed that the net current density in the sheath region decreases by increasing the ion-neutral collision frequency and the magnitude of the external magnetic field. Finally, it was seen that an increase in the ion temperatures causes a decrease in the current density through the sheath region.
